Impact Point Prediction and Analysis of Lateral Correction Analysis of Two-Dimensional Trajectory Correction Projectiles  by Wang, Zhong-yuan & Chang, Si-jiang
Available online at www.sciencedirect.comScienceDirect
Defence Technology 9 (2013) 48e52
www.elsevier.com/locate/dtImpact Point Prediction and Analysis of Lateral Correction Analysis
of Two-Dimensional Trajectory Correction Projectiles
Zhong-yuan WANG*, Si-jiang CHANG
School of Energy and Power Engineering, Nanjing University of Science and Technology, Nanjing 210094, China
Received 6 November 2012; revised 20 December 2012; accepted 31 January 2013
Available online 30 October 2013AbstractCompared with the one-dimensional trajectory correction technology which adjusts longitudinal range, not only does the two-dimensional
trajectory correction technology adjust the force in velocity direction, but also need to modulate the lateral force or trajectory (perpendicular to
the vertical plane of fire direction). Therefore, the structure of control cabin of two-dimensional trajectory correction projectile (TDTCP) is more
complicated than that of one-dimensional trajectory correction projectile (ODTCP). To simplify the structure of control cabin of TDTCP and
reduce the cost, a scheme of adding a damping disk to the control cabin of ODTCP has been developed recently. The damping disk is unfolded at
the right moment during its flight to change the ballistic drift of spin stabilized projectile. For this technical scheme of TDTCP, a fast and
accurate impact point prediction method based on Extended Kalman Filter was presented. An approximate formula for predicting the ballistic
drift and trajectory correction quantity was deduced. And the lateral correction capability for different fire angles and its influencing factors were
analyzed. All the work is valuable for further research.
Copyright  2013, China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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Trajectory correction technology is usually used to measure
the flight parameters (such as velocity and position) of pro-
jectile in a period of flight trajectory in real time, compare
them with the predetermined trajectory parameters and do
logical solution, determine the control information and acti-
vate the control mechanism timely. As a result, the trajectory
in real world is corrected and finally approximated to the* Corresponding author.
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dispersion reduction are achieved. The projectile which can
only adjust the vertical trajectory is called one-dimensional
trajectory correction projectile (ODTCP), while it is called
two-dimensional trajectory correction projectile (TDTCP) if
the lateral trajectory can be also modulated.
At present, the research on one-dimensional trajectory
correction technology is relatively mature. In order to obtain
the force used to adjust the lateral trajectory for TDTCP, the
rotational speed of projectile must be reduced if the actuator or
impulse engines arranged around its body are used, so its
complexity and cost may be high, all these factors limit the
development of TDTCP. According to the theory of exterior
ballistics, a large diameter spin-stabilized projectile has a
systematic deviator at the impact point, namely ballistic drift
which is usually of order of magnitude of several hundred
meters, much more than the lateral dispersion. If a damping
disk (as shown in Fig. 1) is added in the one-dimensionalction and hosting by Elsevier B.V. All rights reserved.
Fig. 1. Schematic diagram of two-dimensional trajectory correction projectile.
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damping moment and further correct the trajectory by
changing the ballistic drift, then the whole correction mecha-
nism is cheaper and easier to implement, which provides an
effective way for the development of TDTCP. At present, the
researches on TDTCP in those countries such as France,
Sweden, etc. have achieved considerable progresses. The
corresponding research has been also developed in China, but
is still in the stage of preliminary theoretical analysis.
These following problems are extremely important to
TDTCP which uses this type of scheme: accurate and quick
prediction of impact point, real time calculation of lateral
correction, minimum fire angle with respect to a determined
lateral correction, and flight stability criterion analysis during
the correction process. This paper mainly studies the above
problems so as to lay a foundation for the extensively research
of TDTC [1e5].2. An impact point prediction method for TDTCP
In order to correct the trajectory, the trajectory parameters
which are used to predict the impact point must be measured
in real time. However, the measuring noise can not be avoided
for any measuring systems, such as radar and global position
system (GPS). If the measured results are used to predict the
impact point directly, the large errors will be generated. In
addition, the aerodynamic coefficients, such as drag and lift,
which are used in the trajectory calculation are different from
the ones in real world, which will cause the prediction errors
in a large magnitude. In this case, this paper adopts the
measured parameters on a part of trajectory and proposes an
impact point prediction method based on the extended Kalman
filter.
By taking the prediction efficiency and precision into
consideration, a modified point mass trajectory model is used
as the basic model for the identification of trajectory filter and
aerodynamic coefficients:8>>>>>><
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where vx,vy,vz are the velocity components in the ground axis
system, respectively; x,y,z are the position components in the
ground axis system, respectively; wx,wy,wz are the wind ve-
locity components in the ground axis system, respectively; vr
is the relative velocity of the projectile; r is the atmospheric
density; S is the reference area; m is the mass; g is the gravity
acceleration; CD is the drag coefficient; C
0
y is the derivative of
lift coefficient with respect to the angle of attack; d1p, d2p are
the two components of the yaw of repose which can be
calculated by using the formula described in Ref. [6]; Kx, KY
are the correction coefficients of the drag force and lift force,
respectively, which reflect the difference between theoretical
and real worlds.
Let the projectile’s position, velocity and the aerodynamic
correction coefficients be the estimated states, namely X ¼
½ x y z vx vy vz KX KY T , and Kx, KY are regarded
as the constants, namely _KX ¼ _KY ¼ 0. Thus the state equation
can be described as follows:
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where W0 is the noise which is used to compensate the error
between theoretical and real worlds.
Observation equation under trajectory detection system is
described as follows:
Z¼ hðXÞ þ y¼ ½ x y z vx vy vz T þ y ð3Þ
where Z is the observation state, y is the observation noise
assumed as Gauss white noise.
The Extended Kalman Filter [7] can be used to estimate the
states based on the state and observation equations which are
described above. The estimated states can be achieved as
follows:
50 Z.Y. WANG, S.J. CHANG / Defence Technology 9 (2013) 48e52bX¼ bx by bz bvx bvy bvz bKX bKY T
In this case, not only the information measured directly
from detection system is filtered, but also the aerodynamic
coefficients with more accuracy are identified. Regarding the
optimal estimated states as the initial values and parameters,
the impact point of the projectile can be predicted fast and
accurately. The simulation result is shown in Fig. 2.
It can be seen from Fig. 2 that the proposed impact point
prediction method has very high precision which is related to
the tracking time of the measuring system. The longer the
tracking time is, the higher the prediction precision is. How-
ever, the precision can not be improved when the tracking time
reaches a certain level. Because a long tracking time may
increase the amount of online computation and make an
appropriate correction opportunity missed, it is very necessary
to consider these factors synthetically and choose an appro-
priate tracking time.
3. A quick method for calculating the lateral correction
According to the theory of exterior ballistics, the ballistic drift
is caused by the yaw of repose Dp and mainly determined by the
lateral component d2p which is perpendicular to the vertical
plane of fire direction. Suppose the angle between the fire di-
rection and the tangent at any point of the ballistic drift curve is
very small, the approximate formula of the ballistic drift can be
established by integrating the lateral acceleration, which is
z¼ B$f ðq0; jqcjÞ 1
h
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:
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f ðq0; jqcjÞ ¼ ðsin q0 þ sinjqcjÞ=ðq0 þ jqcjÞFig. 2. Relationship between the error of impact point prediction and tracking
time.where h is the twist of cannon, T is the flight time of projectile,
kxz is the roll damping moment coefficient, v is the average
velocity, l is the reference length, d is the diameter, m0z is the
overturning moment coefficient, C is the polar moment of
inertia, q0 is the fire angle, and qc is the impact angle.
The lateral ballistic drift at the impact point can be pre-
dicted without flight control,
z¼ B$f ðq0; jqcjÞ 1
h
Gðu; TÞ ð5Þ
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uT
u2  1u2
Assuming that the unfolded moment of the damping disk
equipped on the spin-stabilized projectile which can correct its
trajectory is t1, the corresponding roll damping moment pa-
rameters are kxz, kxz1 (corresponding to u, u1),respectively, the
lateral ballistic drift can be obtained through integration:
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where u ¼ kxzv; v ¼ ðv0 þ v1Þ=2; u1 ¼ kxz1v1; v1 ¼
ðv1 þ vcÞ=2.
From Eqs. (5) and (6), it’s easy to know that, when the
damping disk is unfolded at t1, the approximated lateral
correction corresponding to impact point is:8<
:
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Eqs. (5) and (7) show that:
1) B reflects the contribution of the projectile structure to the
ballistic drift.
2) f ðq0; j:qcj:Þ reflects the influence of fire angle on the bal-
listic drift. The big fire angle corresponds to the big bal-
listic drift and correction value.
3) 1/h reflects the influence of twist on the ballistic drift. The
small twist corresponds to the big ballistic drift and
correction value.
4) G(u,T ) reflects the influence of roll damping moment and
flight time on the ballistic drift. Small roll damping
moment and long flight time correspond to the big ballistic
drift.
5) During the lateral trajectory correction process, the earlier
the damping disk is unfolded, the larger the roll damping
moment occurs, then the bigger the corresponding lateral
correction is.
According to the equation for the lateral trajectory
correction at the impact point, it’s easy to know that the bigger
the damping disk is and the earlier it is unfolded, then the
bigger the lateral correction is. However, it also should be
noted that the rotation speed at the corresponding trajectory is
Fig. 3. Relationship between Dzmin and q0min.
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unfolded too earlier. In order to ensure that the projectile is
still stable after the damping disk is unfolded, the additive roll
damping moment caused by the damping disk and the time
that the unfolded damping disk lasts must satisfy a particular
condition to keep its flight stable. This condition corresponds
to a situation under which the lateral ballistic drift is max.
According to the theory of exterior ballistics [8], the stable
condition of spin stabilized projectiles is:
8<
:
Sg ¼ a2kz  a; a¼ C2A
_g
v
;
kz ¼ rSl2Am0z; _g¼ _g0eut
ð8Þ
where a > 1, is a constant and usually let a ¼ 1.3.
When the damping disk is unfolded at t1, the corresponding
maximal lateral trajectory correction value can be described
according to the following equations:
	 e2u1t  2ArSlm0za
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; t  t1;
Dz¼ B$f ðq0; jqcjÞ 1hHðu; u1; t1; TÞ:
ð9ÞTable 1
Latest unfolded time t1max and the gyro stabilization factor Sg for different.
Dzmin/m t1max/s Sg at impact point
30 30.9 1.64
60 19.1 1.49
90 12.8 1.374. Influence of different fire angles on lateral correction
capacity
The analysis of the lateral correction capacity for TDTCP
can never be avoided during the whole design. From Eq. (9), it
is easy to know that the lateral correction capacity is related to
the fire angle, the projectile’s roll damping moment, the time
when the damping disk is unfolded and the time of flight. The
real demand is that the lateral correction can not be less than
the minimum required value Dzmin, and at the same time,
keeps the projectile stable during the whole flight. Therefore,
if the fire angle q0 and the unfolded time t1 of damping disk
are taken as the design variables, they should satisfy the
following equation:
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Taking a certain TDTCP of which the damping disk is
determined as an example, supposing that the unfolded time of
damping disk is fixed, and on the basis of Eq. (10), the rela-
tionship between the required minimum correction value Dzmin
and the minimum fire angle q0min can be determined, as shown
in Fig. 3.
Fig. 3 shows that the smaller Dzmin is, the smaller q0min is.
The main reason is that the yaw of repose and the ballistic drift
are small since the fire angle is small, so the correction value is
small. Thus, the fire angle must be controlled to keep it biggerthan a limit value, otherwise the correction does not satisfy the
requirement.
The unfolded time t1 of the damping disk is restrained by
the required minimum correction value Dzmin and the gyro-
scopic stability of the projectile. The earliest time t1min and the
latest time t1max can be determined from a certain muzzle
velocity, fire angle and required minimum correction value
Dzmin using Eq. (10). A TDTCP take into consideration. Let
the fire angle be equal to 49, t1min ¼ 9.8 s and Sg ¼ 1.30 at the
impact point are obtained by solving Eq. (10). In addition, the
largest angle of attack is 1.45. The latest unfolded time t1max
of the damping disk and the gyroscopic stability factor Sg with
respect to the required minimum correction value at impact
point are listed in Table 1.
Table 1 shows that the latest unfolded time t1max of the
damping disk is proportional to Dzmin approximately, and the
gyroscopic stability factor Sg satisfies the stable condition in
any situation. According to the analysis above, both the fire
angle and the unfolded time have a certain allowable range
with the restraints of the stable condition and the required
minimum correction value.
5. Conclusions
The two-dimensional trajectory correction technology of
large diameter spin-stabilized projectiles can be realized at low
cost by using onboard damping ring and disk which correct the
vertical and lateral trajectories. Moreover, the rapid calculation
and the analysis of correction ability are the very important
foundations of studying the lateral trajectory correction
52 Z.Y. WANG, S.J. CHANG / Defence Technology 9 (2013) 48e52technology. In this paper, a quick prediction method of the
impact point, which uses the optimal trajectory parameters
estimation and the aerodynamic coefficients identification, was
presented based on the achievements of ODTCP. In addition, an
approximate formula for predicting the ballistic drift and the
trajectory correction was deduced during the process of lateral
trajectory correction. The minimum fire angle and the unfolded
time of the damping disk under the restraint of the flight sta-
bility and the determined lateral correction capacity were also
analyzed. All the work is valuable for further research.
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